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ABSTRACT
DEVENDRA P.SINGH: Can the Acoustical Particle Sizing Device be
Used for Fog Droplet Counting and Sizing ? (Under the Direction
of Professor Parker C. Reist, Sc.D.)
The acoustical particle sizing device was evaluated for counting
and sizing of fog droplets. Fog droplets were generated under
controlled conditions in the laboratory, and measurements for the
fog droplet counts were made at different flow rates (5.7 to 14.2
liters/minute) • Most of the droplets were found to be in the
size range of 5-30 ;xm. The Reynolds number was calculated by
reference to the flow rates. Fog droplet sizes were measured
with optical and electron microscopes and correlated with a
standard curve of particle threshold diameter versus critical
flow Reynolds number. The mean diameters estimated by using the
standard curve were in agreement with the microscope values of
mean droplet diameter. A Rich 100 Condensation Nuclei monitor
was also operated simultaneously during the droplet counting by
the acoustical particle sizing device, to monitor condensation
nuclei counts in the laboratory. The results indicated that the
condensation nuclei number in the laboratory correlate with the
fog droplet threshold diameters. Aerosols of a uniform size (35
microns) were generated by the vibrating orifice monodisperse
aerosol generator and counted at three different flow rates by
the acoustical particle sizing device. The counts/liter/minute
were similar, indicating the reliability of the acoustical
particle sizing device.
Key Words: Acoustical particle sizing device, condensation
nuclei, fog droplets, particle size distribution.
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I INTRODUCTION
A. Fog Droplets
Fog is defined as vapor condensed to fine particles
of water suspended in the lower atmosphere whereas a cloud is a
visible mass of particles of water or ice suspended usually at
considerable height in the air. The fog differs from the cloud
only in being near the ground. In this research project, the
terms fog and cloud are used interchangeably.
Due to the similarities of physical characteristics
between fogs and clouds, fogs reflect the same chemical processes
that occur in clouds and aqueous microdroplets.^ The cloud and
fog water droplets are usually in the size range of 2 to 100 /xm
with a median diameter of about 10-30 ;xm.^ On the other hand,
rain-drops are approximately 100 times larger than the cloud and
fog water droplets.^
The fogs have been associated with major health
threatening air pollution episodes; the well known examples are
the fogs of London, Meuse Valley, and Donora, Pennsylvania.-^ The
deposition of acid fogs has a potential to damage crops and
forests.
B. Condensation Nuclei
Condensation nuclei are necessary for the formation of
fog droplets. The water vapor in the atmosphere condenses on
these nuclei which may be dust particles in the air. If there
were no nuclei in the air there would be no fog, no clouds, no
mists, and no rain-fall.^ Wilson^ discovered that after removal
of the foreign particles from the cloud chamber (by making
repeated expansions and allowing the droplets to settle out), no
further droplets were produced until the expansion ratio exceeded
1.25, corresponding to a saturation ratio (S) of about 4.
The saturation ratio of a vapor in a gas can be given
by the equation:
S= p/P(T)
where p= partial pressure of the vapor in the gas
and  P(T)= saturated vapor pressure over a plane
of liquid at temperature T
In order for the gas to be supersaturated, S should be
greater than 1. In general condensation will take place
selectively first on the largest particles present.
In the atmosphere, the number of small condensation
nuclei exceeds that of large condensation nuclei.^ There is also
a seasonal variation in the levels of condensation nuclei. Their
concentrations are also influenced by wind speed and direction.
In the laboratory, the concentration of condensation nuclei is in
the range of 1000 to 7 0,000 per cubic centimeter. In the
atmosphere, the concentrations can range from 100 to 1,000,000
nuclei per cubic centimeter.^
(i)  Sources of Condensation Nuclei
The condensation nuclei originate from a variety of
sources. According to Went*^, the photo-oxidation of natural
organic materials is responsible for the occurence of the blue
haze and is the most important natural source of condensation
nuclei. Other sources are transportation of dust particles by
the wind, the production of sodium chloride nuclei from a sea
salt spray, forest fires, man-made explosions, and volcanic
eruptions.^ For example the eruption of Krakatoa in 1883
released 6.5 cubic kilometers of fine dust totalling
approximately lO^-^ condensation nuclei of a size of 0.1 /xm in
diameter.^ Organic material, such as plant spores,
microorganisms, feathers, and hairs also serve as condensation
sites.
(ii)  Condensation Nuclei Counters
The condensation nuclei counting instruments have been
of great value in the study of atmospheric aerosols. Many
instruments have been used, such as the Aitken counter, the Nolan
Pollak counter, the GE counter, the Gardner condensation nuclei
counter and others. These instruments have been very useful in
the study of air pollution and cloud physics. They have also
been used to calibrate other instruments.^
The condensation nuclei counters operate by producing
expansion and supersaturation, causing water condensation on the
submicrometer particles that grow into visible droplets. The
supersaturation is produced by the adiabatic expansion of air
saturated with water vapor. The expansion may be pressure or
volume defined depending on whether expansion is facilitated by
the atmosphere or the piston. A Gardner Condensation Nuclei
counter was used in this research project and details of this
counter are given below.
(iii)  Description of the Gardner Condensation Nuclei Counter
The Gardner condensation nuclei counter is volume
defined and operates on free expansion by means of a valve. The
Gardner counter is shown in Figure 1 and its schematic drawing is
shown in Figure 2.
The long chamber with its wet blotter supplies a
saturated atmosphere. The small chamber is first evacuated and
the quick opening valve connecting the long chamber and small
chamber is opened. The resulting expansion causes
supersaturation in the long chamber. If small particles
(condensation centers) are present in the long chamber, the water
will condense on these particles and a fog will form. The degree
of fog is measured by the lamp and photocell arrangement. A
microammeter measuring the photocell current is calibrated to
read as particles per cubic centimeter. The toggle valves are
used to close off the long chamber and the small chamber. An
oil-less vacuum pump (Model# SYC18-1, Bell & Gossett, Morton
Grove, Illinois) was used to draw the sample into the long
chamber.
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The degree of expansion determines the relative
humidity within the long chamber and controls the lower range of
particle size on which moisture will condense to form water
droplets. The smaller the particle size the greater is the
amount of expansion required. Gardner counters are capable of
detecting particle sizes as small as lO""^ centimeter in radius.
By adjusting the partition in the small chamber, expansion is
controlled and the size discrimination is obtained.
This instrument (CAT# 700004 G2, Serial 820, Gardner
Associates, Inc., Scotia, N.Y.) operates on a 1.5 volt Hobby
battery and four 3 0 volt batteries. It has a maximum measurement
of 5.13"x8"xl8" and weighs approximately 10 pounds. The light
source is located at the top with a photocell at the bottom. The
range is 200 nuclei to 10 million nuclei per cubic centimeter.^°
The Gardner condensation nuclei counter is used for
preliminary studies due to its small size and weight and the ease
of operation.
C.  Acoustical Particle Sizing Device fAPSD> Or Acoustical
Particle Counter fAPC)
(i) History
The acoustical particle sensor has existed for over
3 0 years. An acoustical particle sensor was developed in the
early 1950's by the researchers at the Physics Department of the
University of Mississippi under a contract to the U.S. Army
Chemical Corps Biological Laboratory.^^ The passage of an
aerosol particle at high velocity through a specially constructed
orifice was found to produce an audible pulse. Due to its very
small size, it could only be operated at very low flow rates (0.2
liters/minute). Because the sensor was not of any practical use,
the project was discontinued.
Gerhard Langer of the National Center for Atmospheric
Research designed an acoustical particle sensor in the early
1960's.^-^ Langer did not refer to the capabilities of the
acoustical sensor for the sizing of the particles.-'-^ Langer and
his associates found that the acoustical counter exhibited a
threshold of about 5-15 /xm.-^^
Several reasons for the production of the acoustical
pulse have been suggested. An attempt was made to relate the
pulse amplitude at the entrance of the capillary to the particle
size, but this was found not to be correct. ^^ The reasons were
that the amplitude of the pulse was independent of the particle
size and its density. The pulse was a series of decaying
sinusoidal oscillations, and the pulse duration varied with the
flow. One researcher has claimed to successfully relate a pulse
amplitude to the particle size, but little information was given
to substantiate this claim. ^"^ The operation of the acoustical
particle sizing device has recently been examined by Coover and
Reist.l'^A
Scientists have used acoustical detectors to count ice
crystals in air.^^~20 Freezing nuclei have been detected by
cooling the air stream to -20 C.^-^  Dust particles act as the
condensation centers for the excess moisture made available by
cooling the air. A dense fog is formed. Dust particles initiate
freezing of the supercooled droplets and produce ice crystals.
These crystals grow larger at the expense of the remaining water
drops. When the ice crystals exceed 5 nm in size, the acoustical
sensor detects them, but it does not detect the smaller water
drops, because of the threshold limit of about 5 urti.
(ii)  Construction of an Acoustical Particle Sizing Device
An acoustical particle sizing device was constructed
by Coover^^ using as a starting point a design suggested by Reist
and Burgess.22 7^ block diagram of acoustical particle sizing
device is given in Figure 3. The flow components consist of an
acoustical element, a filter, an adjustable flow indicator-
controller, and a vacuum source. The electronic components
consist of a microphone, a variable gain amplifier, a
discriminator, a trigger with presettable dead time and a digital
scaler. The purpose of the discriminator is to distinguish
between an acoustical pulse and a noise. This is achieved easily
since signal to noise ratio is about 100:1. The design is not
affected by ordinary room noise. The trigger with presettable
dead time allows each acoustical pulse to be counted only once by
preventing the multiple triggerings from the sinusoidal wave form
of the acoustical pulse.21
A diagram of the acoustical particle counting element
(Figure 4) and an acoustical element with filter assembly (Figure
5)  are presented.   A 47mm diameter membrane filter with 0.8
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nm average pore size was used downstream from the acoustical
element to prevent contamination of the rotameter. The filter
also dampens the mechanical noises from the vacuum pump.
(ill)  Principle of Operation of Acoustical Partice
Sizing Device
The air produces an unstable superlaminar flow when it
enters the conical section of the acoustical particle sizing
device capillary. The droplets are accelerated more slowly than
the air due to their greater density. Due to differences in the
velocity, vortices are shed and the flow becomes turbulent. This
increases the flow resistance and creates a pressure difference
between the upstream and the downstream. Due to this pressure
difference, air makes an audible click near the inlet of
acoustical particle sizing capillary. ^"^^ The clicks are counted
by the automatic particle counter.
(D)  Purpose of this Study
The acoustical particle sizing device has existed for
over 3 0 years mainly as a research tool. The literature survey
indicated that the acoustical particle sizing device may be used
to count cloud droplets. The purpose of this study was to
evaluate the acoustical particle sizing device for counting and
sizing of fog droplets produced by dry ice. This study intends
to generate experimental data that will extend the work of
14
improving the APSD and its use for cloud or fog measurements.
II. METHODS & RESULTS
A. Condensation Nuclei Measurements
The purpose of this experiment was to observe the
relationship between condensation nuclei size and count. The
variability of condensation nuclei counts over a morning and
afternoon was also observed. This was carried out before the fog
droplet counting by the acoustical particle sizing device to
check the stability of the environment in the laboratory.
The vacuum line of an oil-less vacuum pump was
attached to the pump opening on the Gardner counter. The air
line was attached to the sample line on the counter. A membrane
filter was used between the vacuum lines to prevent any moisture
from entering into the pump system. Moisture can interfere with
the normal operation of a pump. A vacuum of 26" Hg was created.
The supersaturation was created by depressing the expansion
valve. Direct measurements were obtained by reading from a
relative instrument scale.
The condensation nuclei calibration is shown in Figure
6. The number in relative instrximent scale as an X-axis was
plotted against the number of condensation nuclei per cubic
centimeters as a Y-scale (log scale).
Table 1 shows the condensation nuclei counts of
morning and afternoon of one typical day.  These data were also
16
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Table 1
Condensation Nuclei Counts
(In Relative Instrument Scale)
Morning
Piston Position
Piston Position:1       2       3        4 5
Size(Mm) 0.26 0.026 0.01 0.003 0.002
Cycle #
1  ---->       1.6       1.8      2.4       2.6 2.7
<----       2.1       2.2      2.4       2.7 2.2
2  ----->      2.0       2.1      2.6       3.0 2.6
<-----      2.4       2.2      2.6       3.2 3.2
Afternoon
1  ----->      1.7       1.9      2.1       2.4 2.4
<-----      2.0       2.1      2.2       1.8 2.3
2  ------>     1.7       2.0      2.0       2.6 2.5
<-----      1.9       2.0      2.0       2.2 2.2
18
plotted on Figure 7 using a relative instrument scale as the Y-
axis. The data obtained on other days also showed a similar
trend. There was some variation in the counts of condensation
nuclei in the morning and the afternoon. The data showed that
the counts of small condensation nuclei were somewhat higher than
the large ones. Usually, the small condensation nuclei greatly
exceed the large ones in the atmosphere.^ Some of the reasons
for this discrepancy are discussed below:
a) The particles may be fairly monodisperse or the room
air may not contain small particles.
b) It is possible that the lack of small particle sizes
might be due piston leak. It was noted that counts made at
successive intervals gave decreasing counts of condensation
nuclei at the same piston setting. These decreasing counts
suggest that the piston was leaking.
c) The efficiency of the condensation nuclei counter
may vary due to the size range of particles measured. The
response of the condensation nuclei counter has been determined
as a function of particle size by means of monodisperse
aerosols.-'-^ The counting efficiency of the condensation nuclei
counter has been found to depend on particle size, decreasing
sharply with particle size below about 0.01 isra diameter. ^^ This
was possibly a determining factor on the data in Table 1. The
response of the Gardner condensation nuclei counter is likely to
be unaffected by particle size in the 0.01-0.05 fim diameter
range. It has been reported that calibration results obtained
differ  substantially  (75%)  from  that  provided  by  the
19
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manufacturer^-^ (Figure 8) . It is likely that the calibration
results for the condensation nuclei counters can have substantial
uncertainties due to the unknown size distribution of the
calibration aerosol used, the size dependent response
characteristics of the instrument under calibration and those of
the calibration standard. Therefore, the results of condensation
nuclei measurements are subject to large uncertainties and should
be interpreted with care.^'^
d) Due to particle loss in the sampling lines, the
number of particles drawn into the chamber may differ from the
original number of particles in the ambient air. Once inside the
cloud chamber, there may be additional particle losses due to
diffusion, since a certain waiting time period usually was
required for the sample air to be saturated with vapor. Also,
the counter only detects the particles that have been activated
and have grown into an optically detectable size. If some of the
particles are not activated, then there would be a loss of
counts. The data of Table 1 shows the variation in counts of
condensation nuclei, but was limited in its capacity due to the
confining factors discussed above. Therefore, no condensation
nuclei counter can be regarded as an "absolute" particle counter
until one can prove that all particles present in the initial air
volume are drawn into the instrument and are counted.
However, the Gardner condensation nuclei counter has
provided a basis for this research project. It seems from the
measurements that the condensation nuclei in the lab were of
various sizes.  More condensation nuclei of the smaller diameters
21
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were present than of the larger diameters. This information will
be seen as consistent with the counting and sizing of the cloud
droplets (produced by dry ice) by the acoustical particle sizing
device.
B. Calibration of flow measuring device (Rotameter)
Figure 9 shows the diagram of rotameter calibration
using a dry gas meter. The data is shown in Table 2 and the
calibration curve is displayed in Figure 10. When counting the
fog droplets in the laboratory, this calibration curve was not
used. Instead, for every change in the flow rate, the dry gas
meter was attached upstream and an average of 3 readings gave the
actual flow rate. The corresponding rotameter readings were also
taken. This process eliminated the frequent variations in the
calibration. This curve is useful while taking field
measurements.
C. Fog Droplets Measurements using an Acoustical
Particle Sizing Device
A diagram of the experimental apparatus is shown in
Figure 11.
In the laboratory, the fog was generated from dry ice.
Pieces of dry ice of approximately equal size were placed in a
Pyrex glass beaker. The weight of the dry ice for each
measurement was kept constant to ensure that the amount of fog
23
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Table 2
Rotameter Calibration Data
Rotameter Reading Flow Rate, liters/minute
4 1.98
5 2.35
7.7 3.40
10.5 4.81
15.7 7.08
20 7.93
22 9.63
32 11.33
40                           14.16
FIGURE 10
ROTAMETER CALIBRATION CURVE
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did not vary substantially between the measurements. A constant
amount of distilled water was sprayed onto the dry ice to produce
a fog. A pump and an automatic particle counter assembly were
turned on. A glass beaker was carefully tilted over the
acoustical particle counter and measurements for fog droplets
counts were taken for a 15 second time period. Six measurements
of number of fog droplets were taken at two minute intervals at a
single flow rate and were averaged. After three measurements of
fog droplet counts, the flow rate was measured by attaching a dry
gas meter upstream to the acoustical particle counter. Three
measurements of flow rates from the dry gas meter were taken and
then averaged to get the flow rate. After finishing the fog
droplet measurements, one more measurement of flow rate from the
dry gas meter was taken to observe any departure from the
previous measurements. Subsequently, the flow rate was changed
and the same procedure was followed to count the fog droplets.
The measurements were taken at five or six different flow rates
using the above procedure. These measurements of fog droplet
counts were repeated over a period of several days.
The acoustical particle sizing device was cleaned each
time the measurements were taken. The capillary of the
acoustical particle sizing device was cleaned by drawing a twine
into the capillary by suction and it was rubbed against the
capillary wall by in and out motion. It was seen that when the
capillary was plugged by particles, it would not give accurate
measurements. The filter was also changed on the day of each set
of fog droplet measurements.
28
Table 3 shows the measured and calculated values for
fog droplets. Column 4 of Table 3 shows the Reynolds numbers in
the acoustical counter capillary calculated by using flow rate
measurements. Reynolds number is a dimensionless quantity used
to characterize the flow regimes within a conduit, pipe, or
confined space. In an incompressible medium, the forces present
are due to the inertial and viscous forces. The Reynolds number
is defined as:
Re = vd/V
where  v = relative velocity between fluid and the
body,
d = diameter of acoustical particle sizing
device capillary.
V = kinematic viscosity which is defined as
V = U/pjn, where U is the medium viscosity
and Pj[j is the density of the medium.
At  small  Reynolds  numbers  deformation  drag
predominates.  At large Reynolds numbers frictional resistance
and pressure drag predominate.
fi) Calculated Fog DroTJlet Diameter
Column 5 of Table 3 shows the minimum diameter (in
microns) of the fog droplets at that particular flow rate. As is
seen from the Table 3, the smaller droplets are being counted at
higher flow rates. The acoustical particle sizing device
exhibits a detection efficiency for different size particles that
was dependent upon the flow rate.  This behavior is seen from the
29
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original calibration curve for the acoustical counter taken from
Coover^-'- (Figure 12) . Below a certain critical flow rate, the
particles of a given size fail to be counted with any significant
efficiency. A critical flow rate is linearly related to the
particle size.
To calculate threshold diameter, Coover's curve^^ was
used (Figure 13) . Coover used Beech pollen, Lycopodium spores,
Ragweed pollen, and Wheat smut spores to generate a curve between
critical flow Reynolds number and threshold diameter. The
relationship between the diameter and the critical Reynolds
number was calculated from this graph and found to be:
d = 7.97 X 10^'^ X Re~"*-1'7
on a log-log plot. Coover^^ found that the calibration curve for
the different acoustical particle sizing device capillary
diameters were similar and were independent of the capillary
diameter if the threshold diameter was plotted versus the
Reynolds number rather than the flow rate, as seen in Figure 13.
This curve generated using pollen and spores worked
satisfactorily for the fog droplet sizing as will be shown later
by the verification of droplet diameter from other independent
sources.
(ii) Relation of Fog Droplets with Condensation Nuclei Counts
Table 3 shows the average condensation nuclei counts
in the room measured by a condensation nuclei monitor (Model Rich
100, Environment One Corporation). This monitor was being
operated continuously during the counting of fog droplets by the
32
FIGURE 12
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acoustical particle counter. Figure 14 shows the picture of a
condensation nuclei monitor.
The Rich 100 condensation nuclei monitor is suited for
real time measurement of the concentration of airborne particles.
The particle concentration can be read directly on a panel meter.
The Rich 100 condensation nuclei monitor operates on
the principle of a cloud chamber in which water condenses upon
particles to produce droplets. A constant flow air sample is
periodically diverted through a humidifier and then into a cloud
chamber where a fixed volume expansion of the sample occurs,
providing a supersaturation of at least 3 00%, which produces a
cloud.2-^ The cloud attenuates a light beam that is focused on a
solid state light sensitive element. The formation of the cloud
causes a decrease in light on the light sensitive element, which
results in a change in the electrical resistance of this element.
The electrical signal obtained by the resistance change is
amplified and rectified to provide a DC signal proportional to
the condensation nuclei concentration. The DC voltage indicator
is displayed on a panel indicator. After expansion, the cloud
chamber is pressurized and flushed out. The total measurement
cycle time is approximately one per second.^-^ Figure 15 shows a
schematic of the air flow sampling and measuring system. Figure
16 shows the block diagram of the amplifier circuit.
Figure 17 shows typical data relating the condensation
nuclei counts from the Rich 100 condensation nuclei monitor, and
droplet size measured from a acoustical particle sizing device.
The condensation nuclei counted from the condensation nuclei
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^^      acoustical particle counter.  Figure 14 shows the picture of a
condensation nuclei monitor.
The Rich 100 condensation nuclei monitor is suited for
real time measurement of the concentration of airborne particles.
The particle concentration can be read directly on a panel meter.
The Rich 100 condensation nuclei monitor operates on
the principle of a cloud chamber in which water condenses upon
particles to produce droplets. A constant flow air sample is
periodically diverted through a humidifier and then into a cloud
chamber where a fixed volume expansion of the sample occurs,
providing a supersaturation of at least 3 00%, which produces a
cloud.23 The cloud attenuates a light beam that is focused on a
solid state light sensitive element. The formation of the cloud
causes a decrease in light on the light sensitive element, which
results in a change in the electrical resistance of this element.
The electrical signal obtained by the resistance change is
amplified and rectified to provide a DC signal proportional to
the condensation nuclei concentration. The DC voltage indicator
is displayed on a panel indicator. After expansion, the cloud
chamber is pressurized and flushed out. The total measurement
cycle time is approximately one per second. ^-^ Figure 15 shows a
schematic of the air flow sampling and measuring system. Figure
16 shows the block, diagram of the amplifier circuit.       ;.
Figure 17 shows typical data relating the condensation
nuclei counts from the Rich 100 condensation nuclei monitor, and
droplet size measured from a acoustical particle sizing device.
The condensation nuclei counted from the condensation nuclei
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BLOCK DIAGRAM OF RICH 100 CN MONITOR AMPLIFIER CIRCUIT ^''
LIGHT
SENSITIVE
DETECTOR
S4
RANGE
SWITCH
RESISTORS
1
RECORDER
OUTPUT
C4 C5
LAMP
COMPENSATION
CIRCUIT
FIGURE 17
RELATIONSHIP OF ON COUNTS AND FOG
DROPLET SIZES
CO
c
U)
o
sz
CO
h-
o
o
H
UJ
_J
o
Q
O
o
0.9 -
n       40K-55K
20 30
FOG DROPLET DIAMETER, yUm
+       60-1OOK o
40
100-200K
50
en
39
monitor varied from 4 0,000 to 2 00,000. The condensation nuclei
counts were grouped in three size ranges. It can be seen from
Figure 17 that when condensation nuclei counts were higher in the
room, the acoustical particle sizing device was able to count
smaller droplets compared to when condensation nuclei counts were
lower. One explanation of this behavior is that when the room
had less condensation nuclei, the large droplets competed with
the small droplets and the small droplets were underestimated.
This phenomenon shows that the response of acoustical particle
sizing device to various size particles is acceptable. Figure 18
shows the same data on a bar graph. The fog droplet
counts/liter/minute versus threshold diameter were plotted in
Figure 19 to show the effect of condensation nuclei levels on the
threshold diameter of fog droplets. The effect of variation of
condensation nuclei levels in the laboratory had shown a slight
effect on the number of fog droplets counted. This is indicative
of the stable operation of the acoustical particle sizing device.
This phenomenon is shown in Figure 20 and 21. It can be seen
that the fog droplet counts are a function of flow rates or
Reynolds number.
Humidity and temperature would not have any effect on
the data, since the room was maintained at constant temperature
and humidity.
700 r FIGURE 18
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REYNOLDS NUMBER AT THREE DIFFERENT
ATMOSPHERIC CONDENSATION NUCLEI LEVELS
10
0.1 h
0.01
A 34,000
o 50,000
n 120,000
2        4        6        8       10       12
Reynolds Number (xlO^)
43
1000 rr
llOO
FIGURE 21
RELATIONSHIP OF FOG DROPLET COUNTS
versus REYNOLDS NUMBER AT THREE
DIFFERENT ATMOSPHERIC
CONDENSATION NUCLEI LEVELS
A 34,000
o 50,000
n 120,000
a>^
in
"c
3
O
o
Q
CO
OL
<
,0
4 8 !0 IZ       14
Reynolds Number (xlO'
44
D. Particle size distribution fPSD)
Particle size distribution is an important parameter
in aerosol science to describe the spread of particles. If an
aerosol is described only by a mean or median value, ignoring the
concept of particle size distribution, the estimates of aerosol
properties are much less accurate.
Bar charts are useful to represent the range and
frequency of the sizes present. Figure 22 shows bar graphs of
fog droplets distribution from the acoustical particle sizing
device. The experimental procedure is given below.
fi) Data Collection for Particle Size Distribution
Microscope slides were prepared for counting and
sizing of the fog droplets. A magnesiun oxide wire was burned on
a bunsen burner and was carefully scanned under the microscope
slide. An uniform coat of magnesium oxide film was obtained on a
microscope slide. Care was taken not to touch the coated side of
the slide, otherwise the film would be broken and contaminated,
and the true counts and sizes of droplets would not be obtained,
A heavy tinted goggle was worn for eye protection from the light
produced while burning the magnesium oxide wire.
The fog was produced by spraying distilled water over
dry ice. Then a microscope slide coated with magnesium oxide
film was immersed in the stream of fog. Approximately 5-7
minutes were needed for a slide to reach the temperature of the
fog and droplets to become iinbedded into the film.  Holding the
FIGURE 22
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slide for this length of time in the fog stream is important for
collecting droplets onto the slide. For example, if the slide
temperature remains higher than the fog droplets, the slide will
not collect droplets because they will evaporate as soon as they
contact the slide surface or will be repelled by thermal forces.
The slide was then placed onto the reflecting optical
microscope. A porton graticule was used to count and size the
fog droplets. Counts and corresponding sizes were used to
construct the bar charts. The distribution is similar to a bell
shaped curve indicating a normal or Gaussian distribution. The
bar graphs are easier to interpret and they do not have problems
associated with the shape of a distribution by changing the
interval size. The ordinate or height of each bar was normalized
by dividing the number of droplets in an interval by the width of
that interval. The width of each bar represents the actual width
of each size interval. The area of each bar represents the
relative frequency of the droplets in that particular size
interval. The bar charts show the particle size distribution of
fog droplets and are the best way of visually representing the
size distribution data. Most of the droplets are in the size
range of about 5-30 ^ixa.
The data were also plotted on log-probability paper,
(Figure 23) and it was possible to construct a graph showing
cumulative log-normal distribution as a straight line. The data
from the acoustical particle sizing device were also plotted on
this log-probability paper. The data were plotted as cumulative
percentage of droplets versus the upper limit of the size
47
200
100
80
60
£   ^
-   20
<B    10£      8
.S     6
^      4
FIGURE 23
FOG DROPLET SIZE DISTRIBUTION
ON LOG-PROBABILITY PLOT
1          1      1 1 .^^ ^\
1          II \         1        /^^        1
^
1 .^
Jr
^ 1 ^x
^ ^
--------------------- 1      i  -^   i^
--^      l„^^    !
^
1          > ^        !>-!       ,       1 1                     1         1
1   ' -"" ...-^1   1   1   1  1 1                     1         1
k-r ^^
[^^
1
10   20     30       40 50      60 70    80      90
Percent Less Than Indicated Size
95
-------FromAPSD From Mg-oxide slide
48
interval. The straight lines on this plot show a log-normal
distribution. The median diameter from the log-probability plot
was determined as being the 50% value on the plot. The median
droplet diameter is about 15 /xm from the magnesium oxide slide
method. On bar charts, most of the droplets are in the size
range of 5-3 0 /im. The geometric mean and median are the same
when the number distribution is plotted. The geometric standard
deviation was determined by the ratio:
sigmag = 84.13% diameter/50% diameter
= 50% diameter/15.87% diameter
and was found to be about 1.9.  The log-probability plot is a
simple way to determine the mean and the geometric standard
deviation when the distribution follows a log-normal shape.^
Figure 23 also shows the cumulative distribution of
fog droplets measured by the acoustical particle sizing device.
Table 4 shows the data of cumulative distribution of fog droplets
on three different days. Coover's plot (Figure 13) was used to
calculate the diameter of fog droplets. The mean diameter of
droplets was found to be 21 /xm from the acoustical particle
sizing device. A mean diameter of 15 /xm was obtained by the
magnesium oxide slide method. This reasonable agreement between
the mean sizes of droplets by the two methods suggests that the
acoustical particle sizing device can be used for sizing the fog
droplets.
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Table 4
Cumulative Distribution of Fog Droplets on Three
Different Days by APSD
Diameter, /xm Counts less than
indicated diameter
Cumulative %
JULY 8. 1988
9.07
15.26
38.21
73.83
214.38
0
362.5
951.0
1183.5
1205.3
0
30.1
78.9
98.2
100.0
JULY 9.1988
5.69
21.54
73.83
145.93
263.32
0
443.17
920.83
1015.33
1052.5
0
42.1
87.5
96.5
100.0
JULY 10.1988
7.48
17.07
40.92
73.83
214.38
0
527.83
901.83
1140.50
1181.33
0
45.0
76.3
96.5
100.0
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(ii) Determination of Particle Size Distribution and Mean
Diameter bv PhotomicrocrraphY
The photomicrographs of the fog droplets were taken
using an Olympus reflecting optical microscope (Model BHM) and a
scanning electron microscope (Etec Autoscan). The representative
photographs of the fog droplets are shown in the Figure 24. A
reflecting optical microscope gave a droplet size range of about
15-25 /xm and a scanning electron microscope gave size range of
about 10-20 /im.
A mean droplet diameter obtained by the acoustical
particle sizing device (using Coover's curve), magnesium oxide
slide method, and by photographs are shown in Table 5. The size
range and the mean diameters of fog droplets were similar by
these methods. Battan et al.24 have measured and sized the cloud
drops over the ocean and the earth. According to Pruppacher^^
the total number of drops formed per unit volume and the drop
size distribution depend upon (i) the dynamics and thermodynamics
of the atmosphere, (ii) the total number of cloud condensation
nuclei in unit volume, (iii) the size distribution of the cloud
condensation nuclei, (iv) the chemical composition of the cloud
condensation nuclei and (v) the supersaturation at which the
cloud condensation nuclei become activated to drops. Although
there are many variables, the curve of mean drop size
distribution shown in Figure 25 is similar to the curves obtained
by Battan.2^ Since fogs and clouds have similar physical
characteristics and their mean drop size distribution curves are
FIGURE 24
REPRESENTATIVE PHOTOGRAPHS
(a) OPTICAL MICROSCOPE  (b) ELECTRON MICROSCOPE
(a)
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Table 5
Mean Diameter and Size Range of Fog Droplets Measured by
Different Methods
Method_________________Size Range.urn__________Mean Diameter
1. Photomicrography
ND*
ND
15±2.7
21±2.5
a) Optical Microscope 15-25
b) Scanning Electron
Microscope
10-20
2. Mg-oxide Slide 5-30
3. Acoustical Pairticle 10-70
Sizing Device
ND* = Not Done
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FIGURE 25
MEAN DROP SIZE DISTRIBUTION
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similar,  it is expected that the acoustical particle sizing
device may be used for sizing of clouds.
E. Counting and Sizing Capability of Acoustical Particle Sizing
Device using Vibrating Orifice Monodisperse Aerosol Generator
An attempt was made to extend the study using a
vibrating orifice monodisperse aerosol generator at the Research
Triangle Institute (RTI), Research Triangle Park, N.C. to verify
the acoustical particle sizing device operation.
(i) Introduction of Model 3050 Berglxind-Liu Vibrating Orifice
Monodisperse Aerosol Generator
This instrument generates a high quality monodisperse
aerosol from a solution. The particle size of the aerosol can be
calculated from the operating parameters. The actual particle
concentration may differ from the theoretical concentration only
by a predictable particle loss factor. This equipment generates
an aerosol that can be used as a standard to calibrate optical
counters,26 impactors^^ and for other types of aerosol studies.
fii) Principle of Operation
A vibrating orifice aerosol generator produces uniform
droplets from a cylindrical liquid jet.^S a cylindrical liquid
jet (shown in Figure 26) is naturally unstable and tends to break
up into the droplets. The break up process produces non-uniform
droplets  when  left  uncontrolled.    By  applying  a  periodic
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FIGURE 26
SCHEMATIC DIAGRAM OF THE BREAK-UP
OF A CYLINDRICAL LIQUID JET
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disturbance of an appropriate frequency on the liquid jet, the
break-up process can be controlled to produce uniform droplets.
As one droplet is produced per cycle of disturbance, the volume
of a droplet can be precisely calculated from the liquid feed
rate and the frequency of disturbance. However, to form a
monodisperse aerosol, these uniform droplets must then be
dispersed and diluted before significant coagulation occurs.
(iii) Description
The aerosol generator is shown in Figure 27. A
vibrating orifice aerosol generator consists of two major parts:
the droplet generator system and the aerosol flow system. The
droplet generator system consists of a syringe pump, a liquid
feed system, a liquid orifice assembly, and a signal generator.
The aerosol flow system consists of a dispersion air system, a
dilution air system, and a drying chamber.
The syringe pump forces the aerosol solution from a
syringe through a membrane filter into the liquid orifice
assembly at a constant flow rate. A desired liquid feed rate is
obtained by properly selecting the gear position on the pump.
The dispersion air is adjusted by the metering valve and
rotameter. The dispersion flow rate is maintained at 1500 cubic
centimeters per minute. After the liquid droplet stream is
dispersed, the aerosol is mixed with a dilution air supply which
evaporates the ethyl alcohol in the liquid particles and carries
the aerosol through the drying chamber. The dilution air flow is
maintained at 6 cubic meters per hour.
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FIGURE 27
BLOCK DIAGRAM OF VIBRATING ORIFICE
MONODISPERSE AEROSOL GENERATOR ^'
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(iv) Procedure and Findings
The monodisperse aerosol was produced by the technique
of solvent evaporation. A solution of oleic acid in ethyl
alcohol (65:35) was sprayed through the orifice. The generator
frequency was 70,000 Hz. and the liquid feed flow rate was 0.17
ml/minute. By this technique, the diameter of the final aerosol
particle was estimated to be 35 /xm. The number of aerosol
particles generated was 41/c.c. Number of aerosols counted from
a acoustical particle sizing device are shown in Table 6 for a
typical day. Number of aerosols showed a variation at 3
different flow rates. The number of aerosol
particles/liter/minute remained in a close range at these flow
rates. This indicated that the aerosol generated was almost
monodisperse and concentration of particles did not vary
significantly. The standard deviations of the counts of aerosol
particles were, however, large. This indicated that the
acoustical particle sizing device was not able to work at its
full efficiency. Some problems were investigated and are
described below.
(a)  Frequency Response
Frequency response of the acoustical sensor was
calculated to be 6773 Hz, which is in the audible range, thus the
automatic particle counter should work adequately. On the other
hand, the concentration might not have been uniform throughout
the sampling chamber. Although 41 particles per cubic centimeter
were generated through the orifice, more particles seemed to
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Table 6
Aerosols Counted by APSD
Flow Rate   No.of Aerosols  No. of Aerosols No. of Aerosols
liters/min.    per 15 sec.      per min.      per liter per min
5.7 259 ± 144
10.8 352 ± 128
14.2 314 ± 84
1036 183 ± 102
1408 131 ± 48
1256 89 ± 24
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enter the acoustical particle sizing device because of the
orientation of the acoustical particle sizing device inlet.
Greater concentration may have caused the sensor to operate
erratically due to the frequency being well above 15000 Hz, which
is a upper limit for audible sensors.
(b) Coincidence
Coincidence refers to the simultaneous presence of
more than one particle in a given volume. This determines the
maximum particle concentration which an acoustical particle
sizing device can measure accurately.
Assuming the orifice has generated 41 particles per
cubic centimeter, the acoustical particle sizing device capillary
contained approximately 3.6 particles when it was supposed to
contain only one particle at a given time. Coincidence might be
a problem with acoustical particle sizing device measurements.
(c) Isokinetic Sampling
In aerosol measurements, it is often not possible to
perform measurement at the generation site. There is a spatial
distance between the site of measurement and the instrument in
which the actual analysis is performed. This may result in
anisokinetic sampling, which was likely to be the case in
acoustical particle sizing device measurements. Due to the
differences in the face and the suction velocity, the efficiency
of the acoustical particle sizing device is not 100%. Face
velocity was less than suction velocity in acoustical particle
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sizing device measurements and efficiency was less than 100%.
This problem has also caused the acoustical particle sizing
device not to operate at its full capability.
However, these experiments open up the field for
further investigation of the use of an acoustical particle
counter with vibrating orifice aerosol generator. Some
suggestions are given below for future research:
1) Use water, instead of oleic acid and ethanol, in a high
humidity (>95%) chamber to generate an aerosol.
2) Use traverse in the sampling chamber to show uniformity of
the aerosol within the sampling chamber.
3) Use an isokinetic filter to determine the concentration at
the acoustical particle sizing device inlet.
Ill CONCLUSIONS
This research project was a preliminary step to count and size
fog droplets.
Passage of a fog droplet through an acoustical
particle sizing device can produce an audible click which can be
recognised by an automatic particle counter. The acoustical
particle sizing device operates on flow dependent particle size
discrimination. Fog droplets as small as 5-10 /xm in diameter can
be detected and their sizes can be confirmed by independent
sources.
The Gardner condensation nuclei counter can be used to
check the variation in the number of condensation nuclei. It can
also provide a crude estimate between condensation nuclei size
and count.
The size range and mean diameters from a magnesium
oxide slide method and the acoustical particle sizing device were
in a close range indicating the reliability of measurements taken
by the acoustical particle sizing device. The relationship
between condensation nuclei counts and their threshold diameters
can also be confirmed by the acoustical particle sizing device.
Coover's curve was useful in defining the sizes of fog
droplets. The confirmation of sizes of fog droplets counted by
the acoustical particle sizing device can be obtained using a
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microscope.
The mean drop size distribution curves obtained from
the data of the acoustical particle sizing device are similar to
those obtained from atmospheric clouds. This suggests that the
acoustical particle sizing device may be used for the sizing of
atmospheric clouds.
The operation of an acoustical particle sizing device
is simple and can be explained from fluid dynamics and acoustical
physics. The efficiency of the acoustical particle sizing device
needs improvement.
IV FUTURE WORK
Although the principle of operation of an acoustical particle
sizing device is simple and satisfactory results can be obtained,
its operation still can be affected by many variables. Some
suggestions for future research and improvement are given below:
1) A mechanism should be established to determine the
concentration of an aerosol entering into the acoustical particle
sizing device inlet.
2) The inlet of an acoustical particle sizing device should be
constructed in such a way as to minimize the aerosol loss and
hence improve the counting and detection efficiency. An
isokinetic sampling is the important criteria in the operation of
an acoustical partical sizing device.
3) The capillary of an acoustical particle sizing device needs
to be constructed of an appropriate length to minimize the
coincidence problem.
4) The operation of an acoustical particle sizing device in the
atmosphere where high aerosol concentration prevails is
questionable. Further research should be forthcoming in this
area.
5) A vibrating orifice aerosol generator can be used in
conjunction with an acoustical particle sizing device for aerosol
measurements. An attempt should be made to generate water
droplets from a vibrating orifice aerosol generator in a high
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humidity chamber.
6) The device should be made portable, either by operation from
a battery or from a generator.
7) Last, but not least, the results of this research project,
which were based on the laboratory experimental data, will not be
of great value unless they are compared with the data obtained
from natural clouds. An acoustical particle sizing device can be
set up at high altitudes, i.e. mountains and measurements with
natural clouds can be taken the same way as they were taken with
a dry ice fog. This will open up the scope of use of the
acoustical particle sizing device.
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